The behavior of polycrystalline aluminum under creep-fatigue interaction at ambient temperature was investigated using optical and transmission electron (TEM) microscopes. The variation in the flow stress with the cumulative strain was determined and correlated with the stages of the development of the dislocations structure. Fracture surfaces were observed by scanning electron microscope (SEM). The obtained results showed that fatigue striation fracture was the dominant fracture mechanism. Moreover, there was no differences observed between the evolved substructure at the steady state of creep-fatigue interaction and the reported results of the steady state of either monotonic creep at high temperature or cyclic straining to large cumulative strain at ambient temperature. It is concluded that the same mechanisms work in either creep and fatigue are working simultaneously during creep-fatigue interaction that enhances the failure.
INTRODUCTION
Under service conditions many structural components are subjected to combinations of static and dynamic loads. The development of engineering materials that sustain such loading conditions is a complex problem. The difficulty of the problem is mainly due to the fact that the deformation behavior of materials under general loading conditions often does not follow the prediction of the conventional separately creep and fatigue test results. Several articles on the subject have examined the importance of the creep-fatigue interaction [1] [2] [3] [4] [5] [6] [7] .
There have been two approaches to the problems of deformation behavior under cyclic loading. In the first approach, the loading conditions actually encountered in service are simulated and the test data directly useful to explain the deformation behavior for specific material are obtained. In the second approach, the basic aspects of the loading conditions are investigated using a model material in order to understand the fundamental mechanisms of the simulation creep-fatigue interaction. In the second approach, on one hand, more attentions are given to the evolved dislocations structure and its role in the material behavior under the loading conditions. On the other hand, the failure mechanisms under creep-fatigue interaction examined carefully and correlated to the accumulated damage over all the cyclic creep life of the model material.
In the present study, the model material chosen is polycrystalline commercial pure aluminum. The choice was made on the basis that aluminum represents with its high stacking fault energy and relatively high homologous temperature at ambient temperature. Both of those ease up the nonconservative movement of dislocations at ambient temperature, thereto, high temperature tests can be avoided. Moreover, there is considerable amount of reported data from creep tests and fatigue tests of aluminum [8] . These data should be helpful when dealing with combined problem of creep-fatigue interaction.
EXPERIMENTAL PART
Aluminum was supplied as sheet of 0.9 mm thick containing 0.41% Fe, 0.09% Si, 0.05% Mn, 0.3% Cu, 0.03% Mg and 0.02% Ti. The received sheet was cut into strips of 15 mm width and 300 mm length that annealed at 350 °C for one hour followed by air cooling.
Creep-fatigue interaction test was carried out on a cyclic bending/unbending rig which introduced cyclic bending strain under positive superimposed stress(a ss). The used rig is explained in details elsewhere [4] . Cyclic strain was introduced when a strip was running around the used pulley of 50 mm diameter. A bending Proceedinc;s of ;ha 7 th ASAT Conf. 13-15 May 1997 MS-4 399 strain amplitude (s p )of 0.018 was introduced each cycle. Superimposed stresses of 4.5, 13.3 and 22.2 MPa were applied. A specific length of 150 mm was marked at the middle portion of the strip to determine the resultant strain. Two strips were used to introduce certain number of cycles, then two tensile specimens taken from each strip. Tensile test was carried out using Instron machine 4208 at cross head speed of 0.05 cm/min. A Nephot 21 optical microscope and Joel 200 TEM were used. The fracture surfaces of the failed specimens were observed using SEM Joel JSM-T100.
RESULTS & DISCUSSION
The cyclic creep behavior relative to the static creep behavior can be vary considerably. Figure 1 displays the cyclic creep curves of the investigated material. It is interesting to mention that no considerable creep strain achieved at the applied superimposed stresses at the absent of cyclic straining (static creep) after a period of 72 hr. These result indicates that the additional fatigue greatly enhances the deformation process. This behavior termed cyclic strain acceleration [9] . In order to follow up the behavior of the investigated material under creep-fatigue interaction condition both tensile test and metallography examination were carried out. Figure 2 shows the variation of the flow stress with the accumulated cyclic strain. It can be observed that cyclic creep is associated with strain hardening that retards the creep strain over the steady state stage, Metallography results of cyclically crept specimens at mean superimposed stresses of 4.5, 13.3 and 22.2 MPa up to 50% of the specimens life are Shown in Figs 3-5 respectively. There are two chief features can be recognized regardless the level of the applied a ss . Firstly, the presence of slip bands and secondly, cavities which distributed over the grain interiors and along the grain boundaries. The amount of created cavities increases with the applied a ss, Figs 3-5. In order to obtain better view of the created cavities, SEM was used Figure 6 shows the deformed structure after 7 min. at o-ss of 13.3 MPa. Cavities are observed to coalesces together forming microcracks that propagated through the grain's body or along the grain boundaries. 
Fractography:
In order to understand the fracture behavior in the present case, creep-fatigue interaction, it may be useful to invoke the fracture behavior in either creep or fatigue one at a time. In fatigue it has been reported that crack initiation is crystallographic at stage I and most likely to occur at free surface which L
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represents the obvious site because the lack of constrain in the surfaces grain means that dislocation substructures generated by cyclic straining extend out of the grains at the free surface to give microscopically irregular surface [10.11] . These dislocation structures are called persistent slip bands (PSB's), Fig 8. The crack growth step in fatigue in ductile metals is accomplished through fatigue striations, therefore, fracture surfaces of fatigued ductile metals is characterized by striations markings [10.11] . On the other side, it seems to be generally accepted that creep fracture occurs by the formation intergranular cavities or intergranular wedge cracks. However, they frequently occur in the same metal. It has been shown that wedge cracks tend to form at higher stresses and cavities at lower [10.13] .
Creep-fatigue interaction of aluminum shows the formation of PSB's in several grains, Figs 3 and 4 . The presence of PSB's is observed at the whole applied superimposed positive stress levels, however, more slip bands formed at higher stresses. Concurrently, cavities are observed to be a common features in sections of cyclic crept specimens, Figs 3-6. At relatively high superimposed positive stress massive formation of cavities take place. Figure 6 shows a SEM micrograph demonstrating cavities distribution through the deformed structure as well as their transformation into microcracks. At triple points, grain boundary sliding results in geometrical incompatibilities that can be accommodate by vacancy diffusion to nucleate voids. On grain boundaries, voids are nucleated by vacancies diffusion, especially to matrix / precipitate interfaces and boundary sliding can assist this process. Inside grains vacancies can be formed as a result of the annihilation of edge dislocations which combined with cyclic deformation [14] . In the region near the PSB's/matrix interface where the supersaturating is highest, vacancy agglomerates may nucleate. Above a certain size vacancy agglomerates collapse into dislocation loops or form voids [14] . An example of the former process can be seen clearly in and/or cyclic straining will grow to a certain size prior to fatigue crack The stress concentration in front of the fatigue crack tips could then transform these voids into microcracks, therefore, a combination of void to crack transformation and fatigue crack development will be mainly the control step of the fracture process rather than the nucleation growth and linkage of voids in the case of static creep The process of such voids in front of the fatigue crack tend to deform along the maximum shear stress direction and eventually join the normal fatigue crack Moreover, the commercial pure aluminum, the present material, contains small amount of dispersoids which is likely to serve as obstacles and consequently voids formation sites. The interaction between fatigue cracks and dispersoids would produce many small steps with highs which is comparable to the size of particle-related microvoids. Such mechanism is possible for the observed mountain and valley patterns near the fatigue sources and also explain the presence of the striations perpendicular to the direction of the mountain and valley development, Fig 11. The common feature noticed on all the fracture surfaces regardless the value of the superimposed positive stress is the propagation of the fatigue crack from strip's surfaces towards its interior, Figs 9-11. However, at the highest value of the superimposed positive stress, 22.2 MPa, which expected to enhance the creep ductile failure, fatigue failure is observed to be the dominant fracture mechanism.
As the value of the superimposed positive stress decreased the fatigue striations appear more frequently and cover most of the fracture surface, Fig 9. The failure was accomplished through fatigue crack propagation mechanism_ The investigation of cyclic crept microstructure shows high density of voids in both grains' interior and along grain boundaries. These voids coalesced and formed microcracks, Fig 6. This step is most likely to be the first step in crack formation. Moreover, close observation of fatigue striations shows cavities at the tip of striations, Fig 10, that assisted fatigue crack propagation process.
CONCLUSIONS
Based on the obtained results of creep-fatigue interaction on aluminum at ambient temperature and the reported one of the high temperature creep and cyclic straining to a large cumulative strain at ambient temperature of aluminum [8] it can be concluded that:
1. The creep-fatigue interaction is observed to strengthen the deformed material up to a saturation level depends on the amount of the superimposed positive stress at constant cyclic strain amplitude. i 2. The development of, the dislocation structure during creep-fatigue interaction passes through several stages ended by the evolution of cellular structure.
